SiGe is one of the best thermoelectric materials for high temperature applications. Superlattice structures can further enhance the thermoelectric properties by reducing the thermal conductivity and by increasing the Seebeck coefficient via selective emission of hot electrons through thermionic emission. SiGe/Si superlattice structures were grown on a silicon wafer using molecular beam epitaxy. A single element SiGe/Si superlattice thermoelectric power generator was fabricated and characterized. The device element, a 3 µm thick SiGe/Si superlattice on a 3.95 µm SiGe buffer layer, was grown on 5 inch diameter 650 microns thick silicon substrate. Output power of 0.1 W/cm 2 with a resistive load was measured with a temperature drop of 220°C across the generator element. There was a significant parasitic lead resistance. Simulations show that if the temperature drop is increased to 300°C, a power density of 1 W/cm 2 can be achieved when working in impedance matching condition.
Introduction
The performance of thermoelectric devices is largely dependent on the material figure-of-merit Z = κ σ α 2 , where α is the material Seebeck coefficient, σ electrical conductivity and κ thermal conductivity. For thermoelectric applications, Bi 2 Te 3 , Sb 2 Te 3 or Bi 2 Se 3 are commonly used when working around room temperatures, and their dimensionless figure-ofmerit ZT has a value around unity when the material is optimized. For high temperature applications, SiGe has been used, and its ZT values can be close to unity at high temperatures. Aside from its good thermoelectric properties, it is compatible with standard silicon circuit growth and fabrication processes, which makes it very competitive compared to other thermoelectric materials 1, 2 . A large figureof-merit Z is necessary for high power densities and high efficiency levels. It is believed that low dimensional structures could overcome the efficiency barriers imposed by the physical limit of conventional bulk materials [3] [4] [5] . In 1993, Hicks and Dresselhaus first proposed using low dimensional semiconductor structures to enhance thermoelectric properties 6, 7 . Our SiGe/Si superlattice micro-refrigerator experimentally demonstrated an enhanced cooling of 4.5 °C , about four times that of bulk silicon devices 8 . The superlattice interfaces provide phonon scattering centers to reduce crossplane thermal conductivity 9 . Furthermore, electron filtering by periodic superlattice barriers can also enhance the cross-plane Seebeck coefficient, where only hot electrons with high enough energy could go through. Non-planar barriers and embedded quantum dot structures are suggested to achieve high thermoelectric conversion efficiency 10 . The figure-ofmerit Z = κ σ α 2 for superlattice structures can be improved through carrier pocket engineering by increasing the power factor α 2 σ and reducing thermal conductivity κ 11, 12 . Thus, improvements on material thermoelectric properties could enhance the power output and energy conversion efficiency for thermoelectric generators.
Power generation from a variety of heat sources has been studied intensively [13] [14] [15] [16] [17] . Here we report the fabrication and characterization of SiGe/Si superlattice power generators.
Material structures and characterization
A 3 µm SiGe/Si epitaxial layer along with 3.95 µm SiGe graded buffer layer were grown on a 650 µm silicon substrate using (MBE). As SiGe has a larger lattice constant than silicon, a buffer technique was employed to solve the problem by using graded SiGe in place of unstrained SiGe or straincompensated SiGe/Si superlattice materials 1, 18 . The thermal conductivity of the SiGe/Si superlattice is ~10 Wm -1 K -1 measured by 3ω technique by Majumdar's group in UC Berkeley 9 . The cross-plane Seebeck coefficient of SiGe/Si superlattice was measured in our lab. In order to measure the cross-plane Seebeck coefficient of a SiGe/Si superlattice, a thin film heater was fabricated on top of the superlattice mesa to apply a heat source. The temperature difference ∆T and its Seebeck voltage output V can be measured directly. The Seebeck coefficient could be calculated by the equation, α=V/∆T. The Seebeck coefficient of 420 µV/K for the SiGe/Si superlattic was measured. We described the detailed methodology and technique elsewhere 19, 20 .
Device structure and fabrication
The generator was designed to work with an 800K heat source and a room temperature heat sink. The temperature difference built across the device element generates thermoelectric power when connected to an external electric load. The schematic of the power generator system is shown in Fig. 1 .
The generator element consists of a 3 µm SiGe/Si superlattice along with a 3.95 µm graded SiGe buffer layers on a 650 µm silicon substrate. 650 µm thick AlN were used for the upper and the lower plates. The temperature will drop across upper, lower AlN plates and device element as well as the interfaces between upper AlN plate and heat source, and lower AlN plate and heat sink. To characterize the device performance, the temperature difference across the device element (∆T Element ) is of special interest due to the fact that the Seebeck coefficient of the element material can be expressed as α = ∆V/∆T Element , where the ∆V is the output voltage. Two metal wire thermal sensors were integrated in the generator for an in situ temperature measurement. The device structure is shown in Fig. 2 . A Cr/Au layer was used for the metal wire sensors which were patterned on the upper and lower AlN plates respectively. A thick Au layer was also deposited on the plates as bonding pads for Au-Au diffusion bonding with the SiGe/Si elements. Ti/Al layers were deposited on both sides of the SiGe/Si element as contact metallization and annealed at 450 °C for 5 seconds. Using the transfer length method (TLM), we measured the contact resistances between Aucontact layer and the element, ranging from 6.5×10 -7 to 3×10 -7
Ωcm 2 when the temperature varyed from 25 to 250 °C. After annealing, additional Ti/Au layers were deposited on top of the previous Ti/Al metal layers on both sides of the element, and used for Au-Au fusion bonding pads with the AlN plates.
Measurement Results and Analysis
The measurement setup consists of a temperature controlled heat sink and four multimeters which are computer-controlled via GPIB. Two of the multimeters were used for the temperature measurement of the upper and lower plates via the two in situ thermal sensors; the other two were used for the output voltage and current measurements respectively. The generator was placed on a heat sink, and a copper bar was placed on its top. The heat source was from the flame of a butane torch. The measurement set-up is illustrated in Fig.3 .
The upper and lower sensors were calibrated before device measurement. The calibrations were done in an electric oven with temperature management facilities. To reduce the variations of calibration, the upper and lower sensors were calibrated using four wire resistance measurements at the same time. The calibration modular is shown in Fig.4 The temperature sensitivity of the sensor can be expressed
, which depends on the properties of the sensor material as well as the metal wire geometry, where l is the length, w the width, d the thickness and ρ the resistivity.
Given a dT dρ , the temperature sensitivity can be increased by increasing the sensor wire length, using thin film or narrow sensor wire. Because the linearity of temperature versus resistance for Au is excellent from room temperature to 600 °C 19 , the calibrations were carried out from 20 to 80 °C. Due to their different geometry, the sensitivities are about 0.2524 Ω/K and 0.20404 Ω/K for upper and lower sensors respectively. α is the Seebeck coefficient of the element, ∆T is the temperature difference across the two thermal sensors, r is internal resistance and R L is the electric load. If the temperature difference dropping is increased, the output power will be enhanced significantly. The quadratic fitting on the measured results is shown in solid curve in Fig.5 . The extrapolation indicates that the output power can reach up to 50 mW/cm 2 when the temperature difference ∆T increases to 300 °C. The internal resistance r of the device is about 0.09Ω, which includes contact resistance, element material resistance, metal layer resistance and parasitic resistance from Au to Au fusion bonding interfaces. Our external effective electric load R L is about 5.8Ω, which consists of the resistance from the conduct lead, the probe, and the input circuitry of a multimeter in current measurement mode. The output power generated in the current set-up is measured under mismatched load condition, where R L >> r. As we know, the maximum output power could only be achieved at an impedance match condition, where R L = r. If we implement matched load condition in our set-up, we could expect a much higher output power. Fig.6 compares the output power of the matched load condition (R L = r = 0.09Ω) with the mismatched condition (R L =5.8Ω, r=0.09Ω) versus the temperature gradient ranging from 0 to 300°C.
Conclusions
SiGe/Si superlattice generators were fabricated and tested. In situ temperature sensors were integrated in the device to measure the working temperatures. The generators were measured in a test setup, including four multimeters, a temperature controlled heat sink. Cross-plane Seebeck coefficients about 420 µV/K were measured for the SiGe/Si superlattice structure. Output electrical power up to 16 mW/cm 2 was measured for packaged generators of 0.6 mm × 1 mm 2 elements in impedance unmatched conditions. High power density of 1 W/cm 2 is predicted when the generator works in impedance match conditions with a temperature gradient of 300°C. A future measurement using a load capable of matching to the milliohm resistance of the element is underway.
